Genome-based taxonomic framework for the class Negativicutes: division of the class Negativicutes into the orders Selenomonadales emend., Acidaminococcales ord. nov. and Veillonellales ord. nov. The class Negativicutes is currently divided into one order and two families on the basis of 16S rRNA gene sequence phylogenies. We report here comprehensive comparative genomic analyses of the sequenced members of the class Negativicutes to demarcate its different evolutionary groups in molecular terms, independently of phylogenetic trees. Our comparative genomic analyses have identified 14 conserved signature indels (CSIs) and 48 conserved signature proteins (CSPs) that either are specific for the entire class or differentiate four main groups within the class. Two CSIs and nine CSPs are shared uniquely by all or most members of the class Negativicutes, distinguishing this class from all other sequenced members of the phylum Firmicutes. Four other CSIs and six CSPs were specific characteristics of the family Acidaminococcaceae, two CSIs and four CSPs were uniquely present in the family Veillonellaceae, six CSIs and eight CSPs were found only in Selenomonas and related genera, and 17 CSPs were identified uniquely in Sporomusa and related genera. Four additional CSPs support a pairing of the groups containing the genera Selenomonas and Sporomusa. We also report detailed phylogenetic analyses for the Negativicutes based on core protein sequences and 16S rRNA gene sequences, which strongly support the four main groups identified by CSIs and by CSPs. Based on the results from different lines of investigation, we propose a division of the class Negativicutes into an emended order Selenomonadales containing the new families Selenomonadaceae fam. nov. and Sporomusaceae fam. nov. and two new orders, Acidaminococcales ord. nov. and Veillonellales ord. nov., respectively containing the families Acidaminococcaceae and Veillonellaceae.
INTRODUCTION
The class Negativicutes is a group of bacteria that are Gramnegative and possess double membranes, and contains 31 genera at the time of writing (Marchandin et al., 2010; Parte, 2014) . The Negativicutes are among the only organisms that possess an outer membrane within the low-G+C-content, Gram-positive phylum Firmicutes (Ludwig et al., 2009; Marchandin et al., 2010; Sutcliffe, 2010; Vesth et al., 2013; Campbell et al., 2014) . The taxonomic classification of the members of the class Negativicutes has been subject to multiple revisions (Rainey, 2009; Marchandin et al., 2010; Parte, 2014) . Many members of the class were originally placed within the phyla Proteobacteria (Rogosa, 1969) and Bacteroidetes (Shah & Collins, 1982; Moore & Moore, 1994) before being assigned to the class Clostridia within the phylum Firmicutes (Stackebrandt et al., 1985; Willems & Collins, 1995) . The members of this group were subsequently assigned to a distinct class within the phylum Firmicutes (Negativicutes) and divided into two families (Veillonellaceae and Acidaminococcaceae) placed within a single order (Selenomonadales) (Ludwig et al., 2009; Marchandin et al., 2010) . Many genera were initially left as unclassified members of the order Selenomonadales (Selenomonadales incertae sedis) (Marchandin et al., 2010) , but are now widely considered members of the family Veillonellaceae (Quast et al., 2013; Cole et al., 2014; Parte, 2014; NCBI Resource Coordinators, 2015) .
16S rRNA gene sequence analysis has been the primary tool used to resolve the evolutionary placement of the class Negativicutes over the last 30 years (Stackebrandt et al., 1985; Willems & Collins, 1995; Ludwig et al., 2009; Marchandin et al., 2010) . Recently, phylogenetic trees based on differing genetic data sources have been reconstructed that indicate that the members of the class Negativicutes may branch within the class Clostridia (Vesth et al., 2013; Yutin & Galperin, 2013) . These trees, as well as the shared presence of a characteristic subset of sporulation genes in the spore-forming members of the class Negativicutes, have led to the suggestion that the class Negativicutes should be reclassified as an order within the class Clostridia (Yutin & Galperin, 2013) . However, due to limited genome sequence coverage, no formal taxonomic proposal has been made to this effect.
The current understanding of the evolutionary interrelationships of the 31 genera within the class Negativicutes is limited (Rainey, 2009; Marchandin et al., 2010; Yutin & Galperin, 2013; Marchandin & Jumas-Bilak, 2014) . The current classification of the members of the class Negativicutes into one order (Selenomonadales) and two families (Veillonellaceae and Acidaminococcaceae) is based primarily on 16S rRNA gene sequence analysis (Marchandin et al., 2010; Marchandin & Jumas-Bilak, 2014 ). However, phylogenetic analysis based on other widely distributed genes or concatenated sets of genes suggests that the current classification of the members of the class Negativicutes, particularly the popular grouping of the members of the Selenomonadales incertae sedis with the family Veillonellaceae, does not accurately reflect the evolutionary interrelationships within the class (Vesth et al., 2013; Yutin & Galperin, 2013) . It has been suggested that the members of the class Negativicutes should be divided into four distinct families that better reflect the interrelationships of organisms present in the class (Yutin & Galperin, 2013) .
The number of genome sequences available for prokaryotic organisms is growing at an exponential rate (Mardis, 2008) . The available genomic data for members of the class Negativicutes now cover the vast majority of the diversity within the class (NCBI Resource Coordinators, 2015) . The availability of these genome sequences enables the use of comparative genomic techniques to discover novel molecular markers that can be used to demarcate different evolutionary groups within the class Negativicutes independently of phylogenetic analyses (Gupta, 1998 (Gupta, , 2014 Gao & Gupta, 2012; Jones, 2012) . In this work, we have utilized two types of molecular marker to make evolutionary inferences regarding the class Negativicutes. The first of these molecular markers, conserved signature indels (CSIs), are insertions/deletions uniquely present in a specific and conserved region of protein sequences of organisms from the group of interest (Gupta, 2010 (Gupta, , 2014 Naushad et al., 2014) . The second class of molecular markers, conserved signature proteins (CSPs), are lineage-specific proteins found only in the group of interest (Gupta & Griffiths, 2006; Naushad et al., 2014) . The presence of these molecular markers in an evolutionarily related group of organisms is most parsimoniously explained by the presence of a shared common ancestor in which the genetic changes leading to these markers first occurred and were then passed on to its various descendent species (Gupta, 1998 (Gupta, , 2014 Rokas & Holland, 2000; Gogarten et al., 2002; Gupta & Griffiths, 2002) . Due to the rarity and specificity of these molecular markers, they serve as important markers of shared evolutionary history and, importantly, they provide a method of reconstructing phylogenetic relationships that is independent of sequence-based phylogenetic trees (Gao & Gupta, 2012; Naushad et al., 2014; Gupta et al., 2015) . Recently, CSIs have been used to define novel taxonomic groups and to propose important taxonomic changes for various groups of bacteria (Spirochaetes, Halobacteria, Xanthomonadales and Burkholderia) at different taxonomic ranks (Gupta et al., 2013 Sawana et al., 2014; Naushad et al., 2015) .
The comparative genomic analysis of the class Negativicutes described in this study has led to the identification of 14 unique CSIs and 48 unique CSPs that either are specific for the class Negativicutes or differentiate four main groups within the class (Acidaminococcaceae, Veillonellaceae and two groups of Selenomonadales incertae sedis). We have also independently completed phylogenetic analyses of the members of the class Negativicutes based on the core genome of the class and the 16S rRNA gene sequence. Based on the identified CSIs and CSPs, the branching of the Negativicutes in our core genome-and 16S rRNA gene-based phylogenetic trees and analysis of the 16S rRNA gene sequences, it is proposed that the members of the class Negativicutes should be divided into three orders: Selenomonadales emend., Acidaminococcales ord. nov. and Veillonellales ord. nov., containing the four families Selenomonadaceae fam. nov., Sporomusaceae fam. nov., Acidaminococcaceae and Veillonellaceae.
METHODS
Core genome-and 16S rRNA gene-based phylogenetic analyses. Phylogenetic analysis was performed on a concatenated sequence alignment of 264 proteins present in 74 genomes from members of the class Negativicutes (Table S1 , available in the online Supplementary Material) and two additional genomes from other members of the phylum Firmicutes (Bacillus subtilis 168 and Clostridium perfringens 13). The concatenated set of proteins from the Negativicutes was produced using the UCLUST algorithm (Edgar, 2010) to identify widely distributed protein families with at least 50 % sequence identity and 50 % sequence length. Protein families that were present in less than 75 % of the input genomes were excluded from further analysis. If multiple protein sequences from a single organism were present within one of the remaining protein families, only the protein sequence with the highest similarity to the other proteins in the protein family was included in further analysis. Each protein family was aligned individually using MAFFT 7 (Katoh & Standley, 2013) . Aligned amino acid positions that contained gaps in more than 50 % of organisms were trimmed using Gblocks 0.91b (Castresana, 2000) . The remaining amino acid positions were concatenated to create a combined dataset that contained 71 536 aligned amino acid residues. A maximum-likelihood (ML) tree based on this alignment was reconstructed using FastTree 2 (Price et al., 2010) employing the Whelan and Goldman substitution model (Whelan & Goldman, 2001) . In parallel, an ML phylogenetic tree based on the 16S rRNA gene sequences of 71 strains within the class Negativicutes, as well as Bacillus subtilis 168 and Clostridium perfringens ATCC 13124 T , was also reconstructed. Sequences from type strains were used where available. The aligned sequences were retrieved from the Ribosomal Database Project (Cole et al., 2014) and an ML phylogenetic tree based on these sequences was reconstructed using 1000 bootstrap replicates of the 16S rRNA gene sequence alignments in MEGA 5.05 (Tamura et al., 2011) employing the general time-reversible substitution model (Tavaré, 1986) .
Identification of CSIs. Identification of CSIs specific for members of the class Negativicutes was carried out following the procedures described by Gupta (2014) . For this purpose, BLASTP searches (Altschul et al., 1997) were initially performed on each protein in the genome of Acidaminococcus intestini RyC-MR95 (D'Auria et al., 2011; Campbell et al., 2014) using the default BLAST parameters against all available sequences in the GenBank non-redundant sequence database. Multiple sequence alignments were created using CLUSTAL_X 1.83 (Jeanmougin et al., 1998) for proteins that returned high-scoring homologues (E-values v1e 220 ) from other organisms within the class Negativicutes and other bacterial groups. These alignments were inspected visually for the presence of insertions or deletions restricted to some or all members of the class Negativicutes and flanked by at least five or six conserved amino acid residues on both sides within the neighbouring 30-40 amino acid residues. Indel queries that were not flanked by conserved regions were not further evaluated. The species specificity of the candidate CSIs was evaluated by performing BLASTP searches on short sequence segments containing the insertions or deletions, and their flanking conserved regions (60-100 amino acids long). The searches were conducted against the GenBank non-redundant sequence database and a minimum of 250 BLAST hits were examined for the presence or absence of CSIs. The results of these analyses were evaluated as described in detail by Gupta (2014) . Signature files for the CSIs that were specific for groups of organisms within the class Negativicutes were created and formatted using the programs SIG_CREATE and SIG_STYLE (the programs are freely available at http://gleans.net) as described by Gupta (2014) . The sequence alignment files presented here contain sequence information for all sequenced genera within the class Negativicutes. However, due to size restraints, different strains and/or species of the sequenced genera are not shown, as they all exhibited similar patterns.
Identification of CSPs. To identify proteins that are unique characteristics of related groups of organisms within the class Negativicutes, BLASTP searches (Altschul et al., 1997) were carried out using all proteins in the genomes of Acidaminococcus intestini RyC-MR95, Megasphaera elsdenii DSM 20460 T and Selenomonas ruminantium subsp. ruminantium ATCC 12561
T (D'Auria et al., 2011; Marx et al., 2011) as query sequences. BLASTP searches were performed with default BLAST parameters against all available sequences in the GenBank nonredundant sequence database (Campbell et al., 2014) . The results of the BLAST searches were then inspected manually for proteins that fitted one of two criteria: either proteins for which all significant hits were from well-defined groups within the class Negativicutes, or proteins for which there was a large increase in E-value from the last hit belonging to a particular organism within the class Negativicutes to the first hit from an organism for any other bacterial group and the E-value for the latter hits were w1e
204
, indicating weak similarity that could occur by chance (Gao & Gupta, 2007; Gupta & Mok, 2007; Naushad et al., 2014) . In most cases, the lengths of significant hits were very similar to those of the query proteins.
RESULTS
Phylogenetic analysis of species of the Negativicutes based on core genome sequences In 16S rRNA gene sequence-based phylogenetic trees, the members of the class Negativicutes are broadly divided into two main groups, one containing the members of the family Acidaminococcaceae and another containing the members of the family Veillonellaceae as well as the members of the class termed Selenomonadales incertae sedis (Fig. 1b) (Marchandin et al., 2010; Yilmaz et al., 2014) . The family Acidaminococcaceae, which contains four genera (Acidaminococcus, Phascolarctobacterium, Succiniclasticum and Succinispira), exists as a small outgroup of the much larger grouping of members of Veillonellaceae and Selenomonadales incertae sedis. The grouping of members of Veillonellaceae and Selenomonadales incertae sedis contains a diverse assemblage of 25 genera that can be broadly grouped into three smaller clusters: the members of the family Veillonellaceae (containing the genera Allisonella, Anaeroglobus, Dialister, Megasphaera, Negativicoccus and Veillonella), Selenomonadales incertae sedis cluster 1 (containing the genera Anaerovibrio, Centipeda, Megamonas, Mitsuokella, Pectinatus, Propionispira, Schwartzia, Selenomonas and Zymophilus) and Selenomonadales incertae sedis cluster 2 (containing the genera Acetonema, Anaeroarcus, Anaeromusa, Anaerosinus, Dendrosporobacter, Pelosinus, Propionispora, Sporolituus, Sporomusa and Thermosinus). However, the clusters of Selenomonadales incertae sedis are weakly resolved and are separated from each other by short branches. Additionally, both the branching order and species composition of the clusters of Selenomonadales incertae sedis show some stochasticity between different 16S rRNA gene-based phylogenetic trees (Fig. 1b) (Rainey, 2009; Marchandin et al., 2010; Vesth et al., 2013; Yutin & Galperin, 2013; Marchandin & Jumas-Bilak, 2014; Yilmaz et al., 2014) .
The limited resolution of the clusters of Selenomonadales incertae sedis in the 16S rRNA gene tree limits the evolutionary inferences that can be drawn from it. Phylogenetic reconstructions based on a single gene or protein are known to provide less resolving power than phylogenies derived from large numbers of conserved genes/proteins (Rokas et al., 2003; Wu et al., 2009) . Hence, we have also reconstructed an ML phylogenetic tree based on the core set of shared proteins from 74 genome-sequenced members of the class Negativicutes (Fig. 1a) . In this core genome tree, the members of the family Acidaminococcaceae, the family Veillonellaceae and the two clusters of organisms classed as Selenomonadales incertae sedis all branch distinctly into well-resolved groups with strong statistical support. The interrelationships of these four clusters differ from the branching observed in 16S rRNA gene-based phylogenies. The members of the family Veillonellaceae are the earliest diverging group, branching separately from the two clusters of organisms of Selenomonadales incertae sedis. The two clusters of organisms classed as Selenomonadales incertae sedis form a single monophyletic grouping that branches with the members of Acidaminococcaceae. Similar branching relationships between the four groups of organisms in the Negativicutes are also seen in phylogenetic trees based upon single genes (Yutin & Galperin, 2013) , concatenated ribosomal protein sequences (Yutin & Galperin, 2013) , concatenated housekeeping protein sequences (Vesth et al., 2013) , composition vector analysis (Vesth et al., 2013) and a consensus of single-gene trees from 27 distinct genes (Vesth et al., 2013) . Disagreements in the observed interrelationships of the main groups of species of the Negativicutes in phylogenetic trees based on the 16S rRNA gene and other genes/proteins have led to suggestions that all members of the class Negativicutes should be integrated into the family Veillonellaceae (Vesth et al., 2013) or that the class Negativicutes should be divided into four family-level taxa (Yutin & Galperin, 2013) . Fig. 2 (a) (a 1 amino acid deletion in a conserved region of 3-isopropylmalate dehydratase). The sequence alignment for the other CSI, a 1 amino acid insertion in the sigma subunit of DNA-directed RNA polymerase, which is also found uniquely in all members of Negativicutes, is shown in Fig. S1 , and the characteristics of both CSIs are summarized in Table 1 . Information for different CSPs that are distinctive characteristics of all or most members of the class Negativicutes is provided in Table 2 . More detailed information regarding the specificity of one CSP, which is specific for the class Negativicutes, is shown in Table S2 . This CSP is present in most members of the Negativicutes and exhibits high levels of similarity (low E-values) to all identified homologues. The top BLAST hit for an organism that is not found within the class Negativicutes exhibits low levels of similarity (high E-value, 5e 02 ) and its length is significantly different from that of homologues identified within the Negativicutes, suggesting that this is an unrelated protein. These CSIs and CSPs provide a novel means to distinguish the members of the class Negativicutes from all other bacteria and offer specific targets for PCR-based diagnostic assays (Ahmod et al., 2011; Wong et al., 2014) . Additionally, while the functional role of these CSPs in the members of the class Negativicutes is currently unknown, the unique presence of these CSPs in all members of the class Negativicutes suggests that they may be related to some unique characteristic(s) of the class, including their unique membrane structure (Galperin & Koonin, 2004; Fang et al., 2005; Campbell et al., 2014) .
Our analyses have also identified four CSIs and six CSPs that are unique characteristics of the members of the family Acidaminococcaceae (Acidaminococcus and related genera) and two CSIs and four CSPs that are unique characteristics of the members of the family Veillonellaceae (Veillonella and related genera). An example of an Acidaminococcaceae-specific CSI, a 1 amino acid insertion in a conserved region of the protein amidophosphoribosyltransferase, is shown in Fig. 2(b) , and an example of a CSI found exclusively in members of the family Veillonellaceae, a 1 amino acid deletion in GTP diphosphokinase, is shown in Fig. 3(a) . Sequence alignments for the other CSIs found uniquely in the members of the families Acidaminococcaceae and Veillonellaceae are shown in Figs S2-S4 and Fig. S5 , respectively, and their characteristics are summarized in Table 1 . The species specificity of example CSPs, specific to the families Acidaminococcaceae and Veillonellaceae, is shown in Table S2 . Characteristics of all CSPs identified uniquely in the members of the family Acidaminococcaceae or Veillonellaceae are listed in Table 2 . In all cases, the molecular markers are present in sequenced members of the family Acidaminococcaceae or Veillonellaceae and absent from all other sequenced bacterial organisms. These molecular markers provide support, independent of the phylogenetic trees, that the families Acidaminococcaceae and Veillonellaceae are monophyletic evolutionary groups that are distinct from each other and all other bacterial organisms. Additionally, these markers are useful characteristics for the assignment of novel bacterial isolates into the family Acidaminococcaceae or Veillonellaceae.
In our core genome sequence-based phylogenetic tree, we have identified two main clusters of species classed as Selenomonadales incertae sedis that are not well resolved in 16S rRNA gene-based phylogenies (Fig. 1) . We have also identified CSIs and CSPs that differentiate these two clusters of species of Selenomonadales incertae sedis. We have identified six CSIs and eight CSPs that are shared uniquely by cluster 1 of Selenomonadales incertae sedis (Selenomonas and related genera) and 17 CSPs that are unique characteristics of cluster 2 of Selenomonadales incertae sedis (Sporomusa and related genera). An example of a CSI found exclusively in members of Selenomonadales incertae sedis cluster 1, a 1 amino acid insertion in a transcription-repair coupling factor, is shown in Fig. 3(b) . Sequence alignments for the other CSIs found uniquely in the members of Selenomonadales incertae sedis cluster 1 are shown in Figs S6-S10, and the characteristics of the CSIs are summarized in Table 1 . The specificity of example CSPs that are unique characteristics of Selenomonadales incertae sedis clusters 1 or 2 are depicted in Table S2 , and all of the CSPs characteristic of these groups are listed in Table 2 . Additionally, we have identified four CSPs, listed in Table 2 , that are shared uniquely by all species classed as Selenomonadales incertae sedis (clusters 1 and 2). A relationship between all members of the class Negativicutes classified as Selenomonadales incertae sedis is also strongly supported by our core genome-based phylogenetic tree, and a relationship between these genera is weakly resolved in 16S rRNA gene-based phylogenetic trees (Fig. 1) .
DISCUSSION Phylogenetic placement of the class Negativicutes
The phylogenetic placement of the members of the class Negativicutes has been the focus of many studies (Stackebrandt et al., 1985; Willems & Collins, 1995; Ludwig et al., 2009; Marchandin et al., 2010; Yutin & Galperin, 2013) . Currently, on the basis of their branching in 16S rRNA gene-based trees and their distinctive Gram-negative phenotype, the Negativicutes are considered a distinct class within the phylum Firmicutes, separate from their closest relatives, the class Clostridia should be classified as an order within the class Clostridia on the basis of its branching in phylogenetic trees, based on either single genes or concatenated ribosomal proteins, and the shared presence of a characteristic subset of sporulation genes by some genera of the Negativicutes. This proposal treats the branching of the members of the class Negativicutes in phylogenetic trees based on ribosomal proteins, rpoB and gyrB as canonical representations of their evolutionary history, despite stated differences between their branching in these phylogenetic trees and 16S rRNA gene sequence-based phylogenetic trees. It is widely acknowledged that the classes Negativicutes and Clostridia are sister taxa (Marchandin et al., 2010; Vesth et al., 2013; Marchandin & Jumas-Bilak, 2014; Yilmaz et al., 2014) that should show some affinity in phylogenetic trees. The extent to which this affinity is observed in phylogenetic trees may vary from gene to gene due to differences in evolutionary rates and selective pressures (Wendel & Doyle, 1998) . Branching patterns in a subset of phylogenetic trees do not provide strong evidence to suggest that the class Negativicutes should be reintegrated into the class Clostridia. The presence of a similar subset of sporulation genes in the spore-forming members of the classes Negativicutes and Clostridia is also expected, as they are known to be related taxa. However, more comprehensive genomic analyses of species of the Negativicutes and Clostridia, such as the identification of CSIs and CSPs completed in this study and the proteome comparisons completed by Vesth et al. (2013) , have identified no unique CSIs or CSPs that could characterize a monophyletic 'Negativicutes-Clostridia' group and a limited number of shared protein families, suggesting a large genetic distance between the two groups. Finally, both our analysis of 16S rRNA gene sequence identities (Table 3 ) and proteome comparisons completed by Vesth et al. (2013) suggest that the class Negativicutes contains large amounts of genetic diversity. A reclassification of the class Negativicutes as a single order within the class Clostridia would not accurately represent the amount of genetic heterogeneity found in this group. The current placement of the members of the Negativicutes as a distinct class within the phylum Firmicutes reflects the distinct phenotypic characteristics of the group (e.g. Gram-negative staining and double membrane structure), the genetic diversity found within the group and the lack of any unique shared molecular characters with any other major group of organisms. All of these observations support the conclusion that the Negativicutes should be retained as a distinct class within the phylum Firmicutes.
Taxonomic implications of the molecular markers and phylogenomic analyses
In this work, we have completed four independent types of evolutionary analysis: the identification of CSIs shared by different groups of species within the class Negativicutes, the identification of CSPs that are unique characteristics of different groups of species of the Negativicutes and the construction of phylogenetic trees based on both 16S rRNA gene and core genome sequences. The CSIs and CSPs identified in this study, as well as our core genome sequence-based phylogenetic tree and other phylogenetic trees created using a wide range of different methods (Vesth et al., 2013; Yutin & Galperin, 2013) , suggest that the class Negativicutes contains four main groups: the family Acidaminococcaceae, the family Veillonellaceae and two clusters of species classified as Selenomonadales incertae sedis (Fig. 4) . These four groups represent distinct phylogenetic units and should be considered family-or order-level taxonomic divisions within the class Negativicutes. Recently, Yarza et al. (2014) have proposed 16S rRNA gene sequence identity thresholds for taxonomic groups above the rank of species (genus, family, order, class and phylum). In order to determine the taxonomic significance of the four groups within the class Negativicutes, we have analysed the 16S rRNA gene sequence identity of the type strains of 71 species of the Negativicutes used in our 16S rRNA gene-based phylogenetic reconstructions. A 16S rRNA gene sequence identity matrix for the family Acidaminococcaceae, the family Veillonellaceae and the two clusters of Selenomonadales incertae sedis is shown in Table  3 . On the basis of the identified CSIs and CSPs, our phylogenetic analyses and the 16S rRNA gene sequence identity thresholds proposed by Yarza et al. (2014) (94.5-86 .5 % identity for family-level taxa and 86.5-82.0 % identity for order-level taxa), the family Acidaminococcaceae, the family Veillonellaceae and the two clusters of Selenomonadales incertae sedis should be divided into three orders and four families: one order, Acidaminococcales ord. nov., containing the family Acidaminococcaceae, another order, Veillonellales ord. nov., containing the family Veillonellaceae, and a third order, Selenomonadales, containing clusters 1 and 2 of Selenomonadales incertae sedis that will now be classified as the novel families Selenomonadaceae fam. nov. and Sporomusaceae fam. nov., respectively (Fig. 4) . The families proposed here broadly resemble the four families suggested by Yutin & Galperin (2013) , and their names are also as suggested by them. Below, we provide emended descriptions of the families Acidaminococcaceae and Veillonellaceae and the order Selenomonadales, along with descriptions of the families Selenomonadaceae fam. nov. and Sporomusaceae fam. nov. and the orders Acidaminococcales ord. nov. and Veillonellales ord. nov.
Emended description of the family Acidaminococcaceae Marchandin et al. 2010
The order contains the genera Acidaminococcus, Phascolarctobacterium, Succiniclasticum and Succinispira. The type genus is Acidaminococcus. The description of the family is as given by Marchandin et al. (2010) with the following modification. Organisms in this family are characterized by CSIs in the proteins amidophosphoribosyltransferase, ssrA binding protein, ribose-phosphate pyrophosphokinase and adenylosuccinate synthetase listed in Table 1 and the CSPs listed in Table 2 .
Emended description of the family Veillonellaceae Rogosa 1971 (Approved Lists 1980) emend. Marchandin et al. 2010 The family contains the genera Allisonella, Anaeroglobus, Dialister, Megasphaera, Negativicoccus and Veillonella. The type genus is Veillonella. The description of the family is as given by Marchandin et al. (2010) with the following modification. Organisms in this family are characterized by CSIs in the protein GTP diphosphokinase listed in Table 1 and the CSPs listed in Table 2 .
Description of the family Selenomonadaceae fam. nov. Selenomonadaceae (Se.le.no.mo.na.da9ce.ae. N.L. fem. n. Selenomonas type genus of the family; -aceae ending to denote a family; N.L. fem. pl. n. Selenomonadaceae the family whose nomenclatural type is the genus Selenomonas).
The family contains the genera Anaerovibrio, Centipeda, Megamonas, Mitsuokella, Pectinatus, Propionispira, Schwartzia, Selenomonas and Zymophilus. The type genus is Selenomonas. The members of this family are anaerobic, Gram-negative rods. Organisms in this family are characterized by CSIs in a transcription-repair coupling factor, carbamoyl phosphate synthase, a PF13552 family protein, a PF05167 family protein, alanyl-tRNA synthase and a yaeC family lipoprotein listed in Table 1 and the CSPs listed in Table 2 .
Description of the family Sporomusaceae fam. nov.
Sporomusaceae (Spo.ro.mu.sa9ce.ae. N.L. fem. n. Sporomusa type genus of the family; -aceae ending to denote a family; N.L. fem. pl. n. Sporomusaceae the family whose nomenclatural type is the genus Sporomusa).
The family contains the genera Acetonema, Anaeroarcus, Anaeromusa, Anaerosinus, Dendrosporobacter, Pelosinus, Propionispora, Sporolituus, Sporomusa and Thermosinus. The (boxed) identified in all members of cluster 1 of the organisms classified as Selenomonadales incertae sedis. Sequence information for all genera of the Negativicutes for which sequences were available and a limited number other bacteria is shown, but, unless otherwise indicated, similar CSIs were detected in all members of the indicated group and were not detected in any other bacterial species in the top 250 BLAST hits. Sequences obtained from the type strain of a species are indicated by a superscript 'T'. Dashes (-) in the alignments indicate identity with the amino acid residue in the top sequence. GenBank identification (GI) numbers for each sequence are indicated in the second column. Sequence information for other CSIs specific to Veillonellaceae and Selenomonadales incertae sedis cluster 1 is presented in Figs S5 -S10, and their characteristics are summarized in Table 1 . Table 3 . 16S rRNA gene sequence identity matrix for the main groups within the class Negativicutes The 16S rRNA gene sequence identity matrix for all 71 strains analysed can be found in Table S3 . Values are indicated as falling within the following 16S rRNA gene sequence identity ranges proposed by Yarza et al. (2014) . type genus is Sporomusa. The members of this family are anaerobic, primarily spore-forming, Gram-negative, straight or slightly curved rods. Organisms in this family are characterized by the CSPs listed in Table 2 .
Emended description of the order Selenomonadales Marchandin et al. 2010
The order Selenomonadales contains the genera Anaerovibrio, Centipeda, Megamonas, Mitsuokella, Pectinatus, Propionispira, Schwartzia, Selenomonas, Zymophilus, Acetonema, Anaeroarcus, Anaeromusa, Anaerosinus, Dendrosporobacter, Pelosinus, Propionispora, Sporolituus, Sporomusa and Thermosinus. The type genus is Selenomonas. The description of the order is as given by Marchandin et al. (2010) with the following modification. Organisms in this order are characterized the CSPs listed in Table 2 .
Description of the order Acidaminococcales ord. nov.
Acidaminococcales (A.cid.a.mi.no.coc.ca9les. N.L. masc. n. Acidaminococcus type genus of the order; -ales ending to denote an order; N.L. fem. pl. n. Acidaminococcales the order whose nomenclatural type is the genus Acidaminococcus).
The order contains the family Acidaminococcaceae, which in turn contains the genera Acidaminococcus, Phascolarctobacterium, Succiniclasticum and Succinispira. The type genus is Fig. 4 . Summary diagram depicting the distribution of identified CSIs and CSPs and the proposed taxonomic reclassifications of the main groups within the class Negativicutes. Genera for which genome sequence data are available are highlighted in bold.
